Background: Self-catalytic depurination sequence centered at codon 6 in β-globin gene creates a mutagenic apurinic site. Results: Unique codon 6 haplotypes, many anemia and thalassemia-causing, far exceed haplotypes at other β-globin codons. Conclusion: Excessive mutagenicity at only β-globin self-depurination site indicates mechanism discovered in vitro functions in vivo. Significance: In vivo functionality of self-depurination sites in genes can spontaneously cause diseases via somatic mutations.
The human β-globin gene contains an 18-nucleotide coding strand sequence centered at codon 6 and capable of forming a stem-loop structure that can self-catalyze depurination of the 5'G residue of that codon. The resultant apurinic lesion is subject to error-prone repair, consistent with occurrence about this codon of mutations responsible for 6 anemias and β-thalassemias and additional substitutions without clinical consequences. The 4-residue loop of this stem-loop-forming sequence shows the highest incidence of mutation across the gene. The loop and first stem base pair-forming residues appeared early in the mammalian clade. The other stem-forming segments evolved more recently among primates, thereby conferring self-depurination capacity at codon 6. These observations indicate a conserved molecular mechanism leading to β-globin variants underlying phenotypic diversity and disease.
Mutations have been recorded at every one of the 148 codons in the human β-globin gene (HbVar: http://globin.cse.psu.edu and HGMD: http://www.hgmdcf.ac.uk) (1, 2) . Many of these are substitutions or short deletions associated with altered function of its ultimate hemoglobin gene product, sometimes with clinical consequences. Despite their wide distribution across the HBB gene sequence (Fig. 1B-top) , it is striking that codon 6 is the site most acutely populated with mutations across all β-globin variants known. Each of these variants represents a unique haplotype. The total number of distinct codon 6 mutations present among β-globin variants is 9, including 3 substitutions and 3 short deletions that are associated with different anemias and β-thalassemias (Table 1) . In this report, we describe a feature unique to the sequence immediately surrounding HBB codon 6 that can account for its unusually high incidence of mutation. We then survey the occurrence of this "mutagenic" sequence feature in β-globin orthologs, and identify it as a conserved mechanism for increased local variability among primates.
Previously, we reported the discovery within the wild-type β-globin gene of a self-catalytic mechanism for site-specific depurination of G residues in DNA that is associated with an 18-base pair inverted repeat sequence centered at codon 6 ( Fig. 1A) (3, 4) . As a consequence of its selfcomplementarity, such a palindromic sequence can extrude as a cruciform (5) (Fig. 2A ) in which one of the two resultant single-stranded stem-loops has the loop sequence 5'GAGG bounded by residues that can form a 7-base pair stem, of which the first is 5'T•A. This sequence, in the form of the stemloop catalytic intermediate, has the capacity to self-depurinate the 5'G residue of the loop, thereby giving rise to an apurinic site. That site can in turn undergo error-prone repair (6) directly, or else once the apurinic site has been cleaved either by apurinic endonuclease (7) or by spontaneous β-elimination (8) . By this sequence of reactions, self-depurination can create a potential site for a substitution mutation mediated by an error-prone repair polymerase. Alternatively, the cleaved site can leave frayed ends in the chain backbone, especially since the residues immediately adjacent to either side of the cleavage site form the weaker T•A and A•T base pairs. The frayed residue(s) can then be removed by a 3'-or a 5'-exonuclease, thus creating potential sites for either downstream or upstream substitution mutations (via error-prone repair), or else for deletions/additions, made possible by the flexibility of the intact template strand or of the newly synthesized one (9) . Base substitutions and short deletions leading to frameshifts are, in fact, recognized consequences of apurinic site repair (10) .
DATA SOURCES AND ANALYSIS
The DNA self-depurination mechanism was discovered in synthetic 29-residue single-stranded sequences containing a segment of the coding strand of HBB surrounding the sickle cell mutation site (3) . The analyses in the present report are based upon a careful evaluation of the substitution and short deletion mutations recorded for the codons of the HBB gene in the HbVar (1) and HGMD (2) databases and of HBB variants elsewhere in the literature. Mutations at the HBB locus from 93 human genomes were accessed through the PSU version of the UCSC browser http://main.genome-browser.bx.psu.edu (11) , but no additional HBB variants were identified. In this connection, while it was apparent 5 years ago that the incidence of codon 6 mutation among HBB variants was higher than in any other codon in the gene, it was nowhere as excessive as now shown in Figure 1B -top. This increase, which no doubt reflects the advent of rapid methods and greater general interest in genome sequencing, likely portends the selective finding of even higher relative levels of substitutions and deletions within codon 6 in the coming years.
To study evolutionary conservation within the HBB gene, phastCons element conservation scores (12) and phyloP base level conservation scores (13) were calculated from alignments of 45 vertebrate genomes to the human genome (14) . Scores were obtained from the UCSC genome browser (11) .
RESULTS

Mutations in the Loop-
The sequence centered at codon 6 is the only site within the β-globin gene that meets the requirements for self-catalyzed depurination mediated by cruciform extrusion of a specific stem-loop-forming sequence. Consistent with this capacity, the expected self-depurination hotspot has the highest incidence of mutation among the distinct variants documented by the HbVar (1) and HGMD (2) databases (Fig. 1B-top) . As many as 27 β-globin variants (i.e., haplotypes) have a mutated codon 6 (Table 1) , far above the median of 4 variants for any other codon in the gene. The total number of distinct codon 6 mutations (i.e., each a different substitution or deletion) represented among these variants is 9 (Table 1), 2.25-fold higher than the median for the rest of the gene. Indeed, as expected from errorprone repair of an apurinic site, all 6 substitutions possible at positions 1 and 2 of codon 6 (GAG) have been found (Fig. 2B and Table 1 ), and at least three of them (Hb S, Hb C and Hb Grignoli) have been associated with a particular clinical phenotype. For example, a GA substitution at the first residue (HBB:c.19G>A), characteristic of hemoglobin C (Hb C), has been documented in 5 distinct variants of African origin. Likewise, an AT substitution at the second residue (HBB:c.20A>T) underlies Hb S (sickle cell), observed in 14 variants that arose independently in African, Middle Eastern, Indian and LatinAmerican genetic backgrounds. Codon 6 is also the site of 3 disease-causing deletions. Singlenucleotide deletions at positions 1 and 2, exactly where they might be expected as a result of fraying after a backbone break at the apurinic site, have been reported to cause β 0 -thalassemia in patients of German and Mediterranean ancestry, respectively. Another deletion of the entire codon 6 (Hb Leiden) has been associated with hemolytic anemia in families from The Netherlands, China, Thailand, USA, South Africa, Mexico and Yugoslavia. A fourth deletion spanning the last residue of codon 5 and the first of codon 6 (HBB:c.18_19delTG) also causes a β-thalassemia (HbVar database) (1) . Surprisingly, mutations at position 3 of codon 6 have not been reported (see below).
A substitution of GA at the fourth residue of the loop, which is the first position of codon 7 (HBB:c.22G>A ), has been documented in combination with β-thalassemia (Chinese/Thai origin) (15) . This mutation has the interesting effect of changing the loop to 5'GAGA, with no clinical consequence. As this is the sequence for self-depurination of the second residue of the loop, an A (16), the capacity for further variation is not lost. Another substitution of the same loop residue, GC (African-American origin) creates a 5'GAGC loop which cannot self-depurinate and has no clinical significance (HbVar database) (1) .
Mutations in the Stem-Stem formation requires complementary base pairing between nearly all the residues in the inverted complementary sequences flanking the loop (comprising on the 5' side, codons 5, 4, and one residue in codon 3, and on the 3' side, 2 residues in codon 7, 3 in codon 8, and 2 in codon 9; Fig. 2 A, B and Table 2 ). Conceivably, any of these stem-forming residues might undergo mutation if, as a consequence of the apurinic site resulting from self-depurination of the 5'G residue of the loop, 3' or 5' exonucleases were to proceed far enough beyond the loop and into the stem as to make it vulnerable to error-prone repair. However, out of 16 potential stem-forming residues (including the second residue of codon 3 and third residue of codon 9, since a mutation in either of these residues can create an eighth base pair in the stem), a total of only 18 substitutions and 3 deletions of 2 residues each (including the deletion spanning residue 3 of codon 5 in the stem and residue 1 of codon 6 in the loop) have been reported (Fig. 2B , Table 2 ). Of these, 3 add stability to the stem by converting the C-A mismatch at the third stem position (counting from the base of the loop) to a T•A or C•G base pair (2 mutations in codon 5 and 1 in codon 8). However they affect stem stability, none of the stem mutations are associated with a clinically abnormal phenotype, and most prevent stem-loop formation.
Overall, the average incidence of mutations in stem residues is very similar to the background level across the coding sequence of the gene (Fig.  1B-top) , where the average is 4.7 variants per codon, the median is 4.0 and the standard deviation is 2.7 (which drops to 2.0 if codon 6 is excluded). Except for codon 7, the incidence of substitutions in the potential stem-forming codons is below the average, which is very modest compared to that of codon 6 ( Fig. 1B-top) .
Evolution of the Self-Depurination SequenceConservation analysis was used to trace the evolutionary emergence of the β-globin selfdepurination sequence. Among the β-globin genes of 46 vertebrate species, the loop + first base pair motif (5'TGAGGA) is widely present among placental mammals (Fig. 3C-bottom) . This motif can only confer self-depurination capacity when accompanied by a flanking inverted repeat sequence that enables stem-loop formation and extrusion. Interestingly, such a stem-forming sequence feature appears to have evolved more recently, exclusively among primates (and then only in hot damp climates where malaria occurs). For example, positions 1 and 2 of codon 9, which are highly variable among non-primate mammals, have only been fixed recently as 5'TC in the primate clade, enabling base pairing with 5'GA at the third position of codon 3 and the first position of codon 4 (Figs. 2B and 3C-bottom). Likewise, an ancestral G at the first position of codon 5, preserved from the Zebrafish to the Tree Shrew, has been replaced among primates by a C residue, resulting in a change from a G-A stem mismatch to the more favorable C-A mismatch, which has the potential to form a base pair with complementary stereochemistry in which the C is protonated near neutrality (17) . Indeed, specific positions that contribute critically to stem formation and stability appear to have evolved rapidly in the primate subgroup, but not in the larger placental mammal or other related vertebrate groups (Fig. 3C-top) . As a result, the very sequence comprising the β-globin site of selfdepurination remains an evolutionarily constrained element, i.e., neutral to slowly evolving, when all known vertebrate sequences are aligned, when all mammalian ones are as well, but not when all those of primates are compared (Fig. 3B) . This is unlike elsewhere in the gene (Fig. 3A) . Remarkably, stem-forming sequence features are absent from the 4 other human β-like globins (HBD, HBE, HBG1 and HBG2) and from the ɑ-globin paralogs HBA1 and HBA2 (Fig. 1C) , further supporting a rather recent acquisition of self-depurination potential at the primate HBB locus. Additionally, while the 5'TGAGGA loop + first base pair motif appears only in the closely related HBE1 and HBD paralogs (Fig. 1C) , stem-forming potential around this site is absent in all vertebrates examined. It is worth noting in this connection that the HBA paralogs have as many documented variants as HBB, but the incidence of codon mutation in these variants is evenly distributed, as expected from the fact that they have no predicted self-depurination sites (Fig. 1B-middle and bottom) .
Taken together, these findings suggest a link between evolving the capacity for site-specific self-depurination in β-globin and gaining heightened sequence variability at that site. Hence, once the primates acquired the stem-forming sequence that enables self-depurination in the loop, the loop sequence became a mutation hotspot of critical phenotypic consequence. Indeed, many mutations at this site that confer resistance to malaria have been retained in populations affected by the disease.
DISCUSSION
Several features make the self-depurination site in the β-globin gene especially appropriate for investigation: the gene encodes the functionally important protein component of erythrocytes in all vertebrates; it contains but one such site, making its evolution easier to trace; mutations at that site underlie several hemoglobinopathies which confer resistance to malaria (18, 19) .
We have shown here that codon 6, the site vulnerable to self-depurination, has by far the highest incidence of documented substitutions and short deletions among human β-globin variants. Our implication is that this outstanding incidence is due in large measure to the coincidence of the self-depurination mechanism with this codon and its surrounding residues. Conceivably however, this incidence could be ascribed not only to the self-depurination mechanism shown to be manifest there, but in addition to two other factors: significant ascertainment due to sampling bias and selection bias due to the protection against malaria conferred by some of those variants.
It is certainly the case that malaria-protecting codon 6 mutations Hb S and Hb C, being clinically consequential and highly prevalent in the human population, have prompted extensive studies on haplotype variation.
There are, however, mutations at other sites in the gene whose clinical relevance and prevalence in the population have also prompted such detailed examination. One such site is codon 26, where the Hb E (HBB:c.79G>A) mutation also protects against malaria and has been fixed at high frequency in malaria-affected populations (20, 21) . Another is codon 121, where the Hb D mutation (HBB:c.364G>C) is indirectly associated with such protection, apparently because it very often occurs together with Hb S or β-thalassemia; and it too has been fixed at high frequency in malariaaffected populations (22) . While they have similarly been the subject of extensive investigation, neither of these mutations shows an incidence comparable to that of codon 6 (Fig. 1B-top) . Indeed, it takes a mechanism with the potential for recurrence such as that inherent in self-depurination, to create a hotspot of the intensity seen at codon 6 ( Fig. 1B-top) . Such a potential clearly does not exist at codons 26 or 121, or anywhere else in the β-globin gene; nor does it exist anywhere in the ɑ-globin genes (Fig.  1B-middle and bottom) , which are devoid of SDP sites.
More generally, while detailed large-scale studies have focused primarily on a few clinically important codons, individual small-scale studies have covered virtually all codons in the gene. This is likely due to the fact that the incidence of clinically consequential mutations is uniform across the β-globin gene (Fig. 4) . Thus, the extent to which disease-causing mutations have biased the decision of investigators to screen for DNA changes in the first place appears to be similar for all codons. Importantly, it is the wealth of data accumulated from these small-scale studies over the decades that constitutes the major source of the haplotypes we have cited. It is the sum of all this data, including the most recent total genome analyses, that shows that β-globin codon 6 is the outstanding mutagenic hotspot among the globin genes. Hence, ascertainment bias is not likely to have contributed significantly to the identification of codon 6 haplotypes.
Several lines of evidence also indicate that the high mutation incidence observed at codon 6 is not uniquely due to selection of spontaneous advantageous mutations. Such selection bias is not particularly limited to codon 6. As noted earlier, while codon 6 mutations leading to Hb S and Hb C confer advantageous protection against malaria, and thus have been fixed at a very high frequency in populations affected by the disease, the same is true for other sites in the gene that provide comparable selectable advantage. Two such sites already noted are codons 26 and 121. Yet, neither of these has led to haplotype frequencies anywhere near the level of codon 6 (Fig. 1B-top) . The same is true for sites in other genes that confer resistance to malaria; e.g., glucose-6-phosphate dehydrogenase (23, 24) , and the ɑ-globins, where prevalent malaria-protecting mutations, e.g., ɑ-2 termination codon (HBVar database (1); Fig. 1B middle and bottom) are not particularly incident among known variants despite extensive documentation. Hence, the high incidence of mutations at codon 6 is not merely the result of ancestral selection for the sickle cell mutation and those others in this codon that also confer resistance to malaria. Indeed, there are key differences between advantageous mutations at β-globin codon 6 and those "alternative" mutations that provide similar selectable advantage: the latter seem to have a single origin and/or appear to be associated with many fewer distinct genetic backgrounds (23, 24) . For example, whereas the Hb E mutation at codon 26 appears in only 3 distinct haplotypes (HbVar database) (1), and the Hb D mutation at codon 121 in a similar number (Hb Var database) (1), the Hb S mutation at codon 6 recurs in 14 different ones (Table 1) . Importantly, several of the known mutations at codon 6 do not even protect against malaria (Table 1) , and so cannot be said to confer selectable advantage.
Thus, while ascertainment and selection may have contributed somewhat to the observed mutational frequency at codon 6, such contribution cannot explain the full extent to which that frequency so greatly exceeds the mutational frequencies at codons 26 or 121 (Fig. 1B-top) . This great excess must also be seen in light of the overwhelming experimental evidence for the selfdepurination mechanism and the consequent mutations it induces, which fall so much out of the range of mutations arising from spontaneous errors in DNA replication.
It is also significant that many nonsynonymous mutations throughout the entire HBB gene have the same predicted impact on the structure of the β-globin protein as the known mutations in codon 6 (25, 26) . Hence, codon 6 does not appear to be any more or less tolerant of amino acid change than many other sites in the protein.
Even if the consequences of mutation in codon 6 were mild enough to disturb HBB structure minimally and yet confer selectable resistance to malaria, the fact remains that selection alone cannot explain the incidence of mutation in this codon.
We therefore propose that many of the recurrent mutations at β-globin codon 6 arose as a result of error-prone repair at the apurinic site generated by the site-specific self-catalytic depurination mechanism that has been experimentally established (3) (4) (5) 16) . In this light, the increased vulnerability to mutation brought about by the mechanism may well have been coupled on several independent occasions to a selectable fitness advantage stemming from resistance to malaria. In support of this logic, the paralogous α-globins, which lack this mechanism, show no such mutation hotspots (Fig. 1B-middle and bottom), whereas mounting evidence indicates that certain β-globin codon 6 variations, such as those associated with Hb S and Hb Leiden arose independently in different genetic backgrounds (20, 21, (27) (28) (29) (30) (31) (32) .
In these circumstances, it is not surprising that all possible substitutions have been found in the first two residues of codon 6, which lie at the center of the only self-depurination site in the gene (Table 1) . But it is somewhat puzzling that substitutions at the third position have not been reported. One explanation might be that the codon degeneracy for Glu, the encoded amino acid at this site, is limited to transitions, whereas transversions would result in encoding the other acidic amino acid, Asp, which might have been missed only because the marginal change in sidechain length would be unlikely to lead to a clinical manifestation. Another explanation for a mutation being missed at the third codon position might be that transversions are 10-20 times less probable than transitions (33) . Either way, an unbiased search for SNPs by DNA sequence analysis should uncover such a mutation, but this would require a much larger population sampling than has been evaluated so far. Of the 93 individual human genomes publicly available to date, none carries this variation.
In considering the physiological and evolutionary consequences of the loop mutations arising as a result of the self-depurination mechanism, it is important to take note of the fact that conversion of the wild-type loop sequence 5'GAGG to the sickle cell loop sequence 5'GTGG does not, as is the case for nearly all other codon variations, destroy the mechanism. Rather, the sickle cell mutation enhances it, increasing the kinetics of self-depurination some 50-fold (3,4) . In effect, this means that intrinsic to the sickle cell mutant is the ability to either revert to wild-type or else to some other variant that may carry the potential to similarly provide resistance to malaria.
In contrast to the self-depurination-prone loop, we have found that the residues of the stem undergo substitutions much less frequently. Moreover, the mutations appear to have no clinical consequences. In fact, the incidence of stem mutations among β-globin variants matches the background level across the entire coding sequence. Therefore, the high level of biologically consequential mutations that have been retained in the loop, coupled to a stem-forming sequence in which mutations are of little if any significance, suggests that this combined structure has been selected for during evolution.
Conservation analysis of the β-globin gene has indeed confirmed that the sequence and structural features essential for self-catalyzed DNA depurination are present not only in humans, but in all primate genomes sequenced to date. It is interesting that while the loop component required for self-depurination has been broadly conserved among vertebrates, the inverted repeat stretch needed for stem formation appears and remains conserved in the β-globin gene only among primates. In fact, the locus comprising the selfdepurination motif is rapidly evolving only in the primate subgroup, suggesting that acquisition of the necessary features for site-specific selfdepurination has indeed resulted in increased local variability.
The evolutionary persistence of a stem base pair mismatch as part of these features is intriguing, particularly since mutations that convert the mismatch to a complementary base pair would enhance the self-catalytic activity considerably (3, 4) . Both possible mutations that remove the mismatch from the stem of the catalytic intermediate, thereby stabilizing it, have been identified and are not connected to any clinical pathology. It is not insignificant that most of the mutations that should disrupt the stem, and thereby prevent self-catalyzed depurination, are found in humans from geographical regions where malaria is not prevalent, i.e., in Northern Europe (Table 2) .
It therefore seems possible that the capacity for mutation has been preserved as a potential strategy to respond to particular stressful conditions, such as weather temperature and humidity conducive to malaria, by producing more frequent genomic changes which might make that disease less damaging. Such an environment may have harnessed this source of variability independently in particular regions of the globe, as indicated by evidence for independent occurrence of the sickle cell mutation a number of times (27) (28) (29) (30) (31) (32) 34, 35) .
In sum, we propose site-specific selfcatalyzed DNA depurination as a molecular mechanism underlying rapid emergence of multiple β-globin gene variants of critical phenotypic and clinical importance. This hypothesis is supported by 3 main lines of evidence: 1) the high incidence of mutation at codon 6, as shown by its appearance in multiple haplotypes; 2) the unusually high number of distinct point mutations found at the identified self-depurination site, concentrated in the loop but not in the stem region of its sequence; 3) the evolutionary instability seen precisely at the residues that would be affected most by the selfdepurination reaction, as predicted by our experimental observations (3) (4) (5) .
Potential self-depurination sites have in fact been found in all animal and plant genomes examined (16) . There are some 2 million such sites for G and A residues in the human genome; many genes contain multiple sites, and some of them have been associated with point mutations. We have already observed that the stability of the stem of the catalytic intermediate enhances the kinetics of self-depurination (4), and there may be other structural features that affect the catalysis as well. The possibility also exists that nature has evolved mechanisms to modulate self-depurination that have not yet been uncovered. In any case, it is interesting to contemplate what factors played a role in selecting the same self-depurination mechanism for the creation of sequence diversity in many such genes variants is shown as the number of times each codon appears mutated in variants of each. Note that whereas there is a peak in the mutations of HBB at codon 6, the incidence of mutation is evenly distributed among HBA1 and HBA2 codons. C. Alignment of the HBB self-depurination site with HBA-and HBB-like globin paralogs. A multiple sequence alignment of the first 60 nucleotides of human HBA-and HBB-like globin genes is shown. The loop sequences are boxed, and the potential stem-forming segments are underlined when they are base-pairing complements. Note that only HBB contains both sequence features, as required for selfdepurination catalytic activity. FIGURE 2. Cruciform extrusion and distinct mutations reported in the loop and stemforming residues of the self-depurination site in the HBB gene. A. The duplex sequence with codons indicated by numbered brackets is shown on the left; and the extruded cruciform fragment centered at codon 6 on the coding strand and its complement is shown on the right. Codon 6 and the first residue of codon 7 form the loop, while the surrounding residues of codons 3-5 and codons 7-9 make up the two strands of the base-paired stem; it is the combination of loop and stem that enables self-depurination to occur. B. Schematic diagram of the self-depurination stem-loop catalytic intermediate that encompasses residues of codons 3-9, with the loci of different substitutions and deletions indicated. The frequencies of their unique occurrences are given in the text and other details are presented in Tables 1 and 2. FIGURE 3. Evolutionary conservation of the β-globin self-depurination sequence. A. The β-globin (HBB) locus is shown at the top. Subtracks display element conservation scores (12) from alignments of vertebrate genomes (n=46), placental mammal genomes (n= 33) or primate genomes (n=10). HBB exons, as well as regulatory non-coding elements are identified as regions of high conservation. B. Zooming in on exon 1 reveals a DNA sequence element conserved broadly across vertebrates and placental mammals, but not among primates. This element coincides with the consensus self-depurination sequence, highlighted at the top. Subtracks as in A. C. top: Per-nucleotide evolutionary scores (13) are shown as in A. Loss of conservation of this region among primates appears driven by the rapid evolution of specific nucleotides (negative scores, marked with an asterisk at the top). bottom: pairwise alignments of vertebrate species with the human genome show broad conservation of the consensus sequence loop motif (boxed) among placental mammals, whereas the flanking reverse complementary stretches forming the stem motif arise exclusively in the primate lineage. Species are listed from top to bottom by increasing phylogenetic distance from humans on a vertebrate tree model. 
